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SUMMARY

The static PN junction is the foundation of integrated circuits. Herein, we pioneer a high current den-

sity generation by mechanically moving N-type semiconductor over P-type semiconductor, named as

the dynamic PN junction. The establishment and destruction of the depletion layer causes the redistri-

bution and rebounding of diffusing carriers by the built-in field, similar to a capacitive charge/

discharge process of PN junction capacitance during themovement. Through inserting dielectric layer

at the interface of the dynamic PN junction, output voltage can be improved and designed numerically

according to the energy level difference between the valence band of semiconductor and conduction

band of dielectric layer. Especially, the dynamic MoS2/AlN/Si generator with open-circuit voltage of

5.1 V, short-circuit current density of 112.0 A/m2, power density of 130.0 W/m2, and power-conver-

sion efficiency of 32.5% has been achieved, which can light up light-emitting diode timely and directly.

This generator can continuously work for 1 h, demonstrating its great potential applications.

INTRODUCTION

The electric energy significantly changed the human society for centuries since the crucial discovery of

electromagnetic induction by Michael Faraday, who revealed the connection between magnetism and

electricity in 1831 (Faraday, 1831). In the electromagnetic generator, electricity was generated when an

electrical conductor passed through a magnetic field. Before that, electric generators were mainly referred

to electrostatic generators under the operation principles of electrostatic induction and triboelectric effect

(Van Atta et al., 1936). Recently, the piezoelectric and triboelectric nanogenerators have drawnmuch atten-

tion (Wang and Song, 2006; Fan et al., 2012), which were able to convert mechanical and vibrating energy

into electricity (Park et al., 2010; Wang, 2013). The triboelectricity utilizes the displacement current in the

Maxwell equation, which cannot flow freely through the insulating dielectric materials, limiting its current

output density (Wang, 2017). With the rapid development of intelligent and wearable electronic devices

putting forward new requirements for in situ energy acquisition technology, it is imperative to search for

a portable and integrated electric generator with high current density and stability, which remains as the

bottleneck of the current generators without high magnetic field under dark environment (Lin et al.,

2019; Wang, 2017; Zhong et al., 2017; Zhu et al., 2013). Hence, a fundamental physical picture distinct

from traditional generators is in urgent need to achieve a breakthrough of portable energy harvesting de-

vices (Henniker, 1962; Peng et al., 2017; Baytekin et al., 2013).

The understanding of electron behavior not only advances the information society, but also satisfies the

electrical energy requirements for human society. Since the discovery of the PN junction in 1940s (Schottky,

1949), many related applications have been explored such as integrated circuits and optoelectronic de-

vices (Chapin et al., 1954; Li et al., 2015; Lin et al., 2017; Sah et al., 1957; Wu et al., 2018). However, most

applications are focused on the static PN structure and there has little exploration on the dynamic PN junc-

tion both in information and energy fields (Matyba et al., 2009; Burgener et al., 2011). Recently, high current

density direct-current generators have been discovered, which attracts intense attention (Hao et al., 2019;

Lin et al., 2019a, 2019b, Liu et al., 2018a, 2018b, 2019, Shao et al., 2016, 2019a, 2019b). Specifically, we have

proposed a physical picture based on the semiconductor physics rather than the triboelectric theory at the

interface (Hao et al., 2019; Lin et al., 2019a, 2019b). To establish a systematic theoretical framework, a dy-

namic semiconductor/semiconductor structure, especially the ‘‘dynamic PN junction’’ defined by moving

one N-type semiconductor over one P-type semiconductor, should be thoroughly explored, which does

not involve metal and insulating polymeric material at all. Herein, a dynamic PN junction-based generator

has been achieved, which involves two semiconductors with different Fermi levels (Lu et al., 2019). In the

front part of the dynamic PN junction, the electrons and holes will diffuse to p-type and n-type semiconduc-

tors, respectively, establishing the built-in electric field. In the rear part of the dynamic PN junction, the
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diffusing electrons/holes will lose their path for diffusing and then are reflected by the built-in field, thus

breaking the balance between diffusing current and drifted current. This carrier transport in the rear part

of the dynamic PN junction can be understood by charging capacitance of the PN junction, whereas the

rebounding process of the electrons/holes can be understood by the discharging process of the PN junc-

tion (Hinchet et al., 2019). When we move N-type GaAs on P-type Si, the destruction of the PN junction will

narrow down the space charge region and bound back the space charge to the P-type Si and N-type GaAs,

respectively, generating high-energy hot carriers under the ultrahigh built-in electric field. As a result of the

rebounding effect, the quasi Fermi level of the dynamic PN junction is different from the equilibrium Fermi

level of the static PN junction, leading to the potential difference and output voltage, which is positively

related to the barrier height. Notably, the static PN junction is a minority carrier device, where drift and

diffusion current balance fight against each other (Lin et al., 2017), whereas the dynamic PN junction is

found as a majority carrier device as the majority carriers contribute to the net current output. So the barrier

capacitance is the main factor of our dynamic PN junction. In addition, the barrier height of the PN junction

can be much larger than the Schottky diode as the Fermi level difference between N-type and P-type

semiconductors can be several times that of metal and semiconductor, leading to a higher voltage larger

than 1.0 V.

Furthermore, through inserting the dielectric layer into the dynamic PN junction interface, a higher voltage

output can be realized, which is delicately designed and numerically calculated according to the energy

level difference between the valence band of P-type semiconductor and the valence band of dielectric

layer. The electrical properties of static P-i-N structure generator with different thickness and types of insu-

lating layer have been explored (Li et al., 2016; Shewchun et al., 1978). The choice of different kinds of

dielectric layer leads to a variable barrier height at the interface, which acts as the barrier for the carriers

charging/discharging in P-i-N junction capacitance. With the increasing of barrier height, more electrons

and holes with higher energy will be rebounded back and speeded up in the depletion region, which

can also be understood from the point view of the discharging process with increased P-i-N barrier capac-

itance (Maserjian and Zamani, 1982; Lenzlinger and Snow, 1969), leading to enhanced voltage output as

high as the energy level difference between the valence band of semiconductor and the conduction

band of dielectric layer. Herein, we designed a hot electron-induced dynamic MoS2/AlN/Si generators

with higher open-circuit voltage (Voc) of 5.1 V, high short-circuit current density (Jsc) of 112.0 A/m2 (11.2

mA/cm2), high power density of 130.0 W/m2, and high energy-conversion efficiency of 32.5%, which can

light up the light-emitting diodes (LEDs) without any external rectifying circuits and energy storage units

timely and directly. This dynamic MoS2/AlN/Si generator can work continuously for 60 min, which demon-

strates it can harvest electric energy from themechanical movement as long as the built-in field dynamically

disappears and is re-established. This dynamic PN junction generator also shines in ultrahigh current den-

sity, which is orders of magnitude higher than triboelectric nanogenerators (�103 times) and piezoelectric

nanogenerators (�104 times) (Wang, 2017; Wang et al., 2015). Connected in series or in parallel, this dy-

namic PN junction generator is found to be highly reliable and can effectively increase the output voltage

or current. Specifically, two and three dynamic P-Si/N-GaAs generators in series can effectively output a

voltage of 6.1 and 9.0 V, respectively, indicating the linear superposition effect and integration potential

of our devices. And the current output is positively proportional to the working area but the current density

is almost the same under small contact area condition, indicating that the current output can be improved

by designing the interface array structure. For convenience, we refer both the dynamic PN junction without

inserting dielectric layer and P-i-N junction with insulating layer at the PN interface as the dynamic PN junc-

tion. However, in some cases, the P-i-N junction is specifically noted for illustrating the effect of insulating

layer.
RESULTS

A Dynamic GaAs/Si Junction-Based Direct Current Generator

As a representative dynamic PN generator, the schematic structure of the dynamic GaAs/Si generator is

illustrated in Figure 1A. The N-type GaAs wafer was pressed on the P-type Si substrate compactly with a

6.0 N force, which showed typical rectification behavior with a low leakage current density of 1.5 mA/cm2

under the bias voltage of �3 V (Figure 1B). The work function of N-type GaAs and P-type Si used here is

4.10 and 5.12 eV (the calculation is listed in Supplemental Information), respectively. Accordingly, since

the work function of N-GaAs is smaller than that of P-Si, a built-in electric field will be formed between

N-GaAs and P-Si substrates when they contact each other. Primarily, the N-type GaAs was dragged along

the surface of the P-type Si and a maximal Voc up to 0.7 V was observed, which was independent of the
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Figure 1. Experimental Designs and Results of the Dynamic PN Generator

(A) The schematic illustration of the dynamic P-Si/N-GaAs generator.

(B) The J-V curve of the static P-Si/N-GaAs junction with a 6.0 N force. The contact area is 1.0 mm2. Inset: The circuit diagram of P-Si/N-GaAs junction.

(C) The Voc of dynamic P-Si/N-Si, P-Si/N-GaN, P-Si/N-GaAs generator with a speed of 5.0 cm/s and a 6.0 N force.

(D) The Isc and Jsc of dynamic P-Si/N-GaAs generator under different contact area, with a 6.0 N force and a speed of 5.0 cm/s.

(E) The Voc and Isc of dynamic P-Si/N-GaAs generator with different force exerted on the junction in a speed of 5.0 cm/s.

(F) Experimental design and 3D diagram for converting mechanical energy into electrical energy by a dynamic PN junction. The bottom inset shows the

linearly reciprocating and circularly rotating modes of the generator, respectively.

(G) The Isc of dynamic P-Si/N-GaAs generator under the linearly reciprocating mode with a 6.0 N force and a speed of 5.0 cm/s.

(H) The Isc of dynamic P-Si/N-GaAs generator under circularly rotating mode with a 6.0 N force and a speed of 5.0 cm/s.

All data represent the mean G SEM. For the line chart in (E), voltage and current were obtained using repeated measures.
working area. The dynamic P-Si/N-Si and P-Si/N-GaN junctions can also output voltage signal as well as the

P-Si/N-GaAs junction, among which the Voc of the P-Si/N-GaAs junction is the highest, which is seven times

that of the dynamic P-Si/N-Si generator (Figure 1C). The Fermi levels of N-Si and N-GaN are about 4.28 and

4.35 eV (the calculation is listed in Supplemental Information), so the generated voltage direction of P-Si/N-

Si and P-Si/N-GaN generators is similar to that of the P-Si/N-GaAs generator, revealing that the voltage

output is correlated with the Fermi level location (many other semiconductors are also explored in Fig-

ure S1). The noteworthy finding is that only limited noise electricity can be produced when moving one

piece of P-type Si over another P-type Si with the same Fermi level (Figure S2), further demonstrating

that the voltage output is related with the Fermi level location. Figure 1D shows that the current output

is positively proportional to the working area under small contact area condition, indicating the current

output can be improved by designing the interface array structure. For the GaAs/Si dynamic PN generator

with a working area of 1.0 mm2 (2 cm3 0.05 mm), a maximal Isc up to 1.8 mA was observed primitively, which

was positively related to the movement speed within limits (as shown in Figure S3). The Jsc up to 1.8 A/m2

can be calculated accordingly, which is orders of magnitude higher than that of the reported polymer-

based triboelectric nanogenerators (in the order of 10�1 A/m2) and piezoelectric generators (in the order

of 10�2 A/m2) (Wang, 2017; Wang et al., 2015). Furthermore, the relationship between the Voc/Isc and the

force exerted on the device is explored, as shown in Figure 1E. The Voc/Isc increases and then decreases
60 iScience 22, 58–69, December 20, 2019



with the increase of exerted force, and a force of 6.0 N is found as the optimal choice (Figure 1E), where the

N-GaAs and P-Si can achieve the best rectification characteristic (as shown in J-V curves of the P-Si/N-GaAs

junction under different forces in Figure S4 and NIF in Supplemental Information). The 3D diagram for con-

verting mechanical energy into electrical energy by the dynamic PN junction is shown in Figure 1F, which

can work in linearly reciprocating mode or circularly rotating mode. Figures 1G and 1H show the Isc of the

generator in linearly reciprocating mode and circularly rotating mode, respectively. It can be seen that the

linear reciprocating mode outputs a pulsed current, which is the result of the inevitable acceleration and

deceleration of the GaAs wafer motion. In contrast, when theGaAs wafer is continuously and evenly moving

under the circularly rotating mode, it outputs a sustainable direct current.
Work Mechanism Based on Dynamic PN Junction Capacitance

As shown in Equations 1, 2, and 3, the electron current density of the PN junction consists of Jdriftn and Jdiffn ,

which is opposite and canceled out. At the static PN junction, the drift current will quickly balance with the

diffusion current as the P-type side stably contacts with N-type side, which is equivalent to a PN junction

capacitance charge process. The PN junction capacitance is divided into two parts, barrier capacitance

and diffusion capacitance. Because our dynamic PN junction works as a majority carrier device rather a mi-

nority carrier device like static PN junction, the barrier capacitance is the main factor of the dynamic PN

junction. Actually, for the P-Si/N-GaAs junction, the drift and diffusion electron current can be described

as follows (Zhang et al., 2011):

Jdriftn = qnunE (Equation 1)
diff
Jn = qDnVn (Equation 2)

drift diff
Jn = Jn + Jn =qnunE+qDnVn (Equation 3)

where Jdriftn , Jdiffn , Jn, mn, Dn are the drift electron current, the diffusion electron current, the electron current

density, the electron mobility, and the electron diffusion coefficient of GaAs and Si, respectively. E is the

built-in electric field, q is the elementary charge, n is the position-dependent electron density in GaAs

or Si. When the GaAs wafer moves along the Si substrate, there is a dynamic process of disappearing of

the depletion layer in the rear end and the re-establishment of the depletion layer in the front end. In macro

scale, the effective working area of the dynamic PN junction is assumed as the contact area of the GaAs

wafer and Si substrate during the movement, which remains unchanged. However, the dynamic process

of the generation and disappearance of the depletion layer in the dynamic GaAs/Si junction will break

up the static carrier distribution equilibrium. The destruction of the PN junction will narrow down the space

charge region and reflect the apace electrons/holes, which is equivalent to capacitance discharge process.

As schematically shown in Figure 2A, the electrons and holes will be rebounded back to the N-type GaAs

and P-type Si, respectively, generating high-energy hot electrons and holes and current output under the

acceleration of the strong built-in electric field. The J-V curve of the dynamic N-GaAs/P-Si junction from�5

to 5 V was measured and showed in Figure 2B, where current response oscillates as voltage increases. The

destruction of the PN junction leads to the decrease of the basal current density of the dynamic PN junction

compared with the static one, as shown by the green line in Figure 2B. There are two reasons for the fluc-

tuation or oscillation of the dynamic J-V curve in Figure 2B, one is the variation of the force applied and the

other is the interaction between the reflecting charging carriers and the drifted carriers by external field.

The forward bias voltage-induced carriers will bump with the reflecting carriers randomly, which will super-

pose on this J-V curve of the dynamic N-GaAs/P-Si junction. So this fluctuation is partially caused by the

strong interaction between the mechanical energy-induced carriers and electric field-generated carriers

of the dynamic PN junction, which provides the platform for using both field energy andmechanical energy.

The periodical current oscillation that superposes on this direct-current output can be ascribed to the vari-

ation of the force applied on the dynamic PN junction, which behaves as a stable periodicity under the

circularly rotating mode. Because our dynamic PN junction works as a majority carrier device rather than

a minority carrier device like the static PN junction, the output current density of the dynamic PN junction

generator is rather high (Wang, 2017; Wang et al., 2015). The detailed band-gap alignment between P-Si

and N-GaAs and transportation of the bounding back electrons and holes are proposed and showed in

Figure 2C. The direction of built-in electric field is from N-GaAs to P-Si as a result of electron diffusion

from N-GaAs to P-Si. When the N-GaAs wafer is dragged on the P-Si substrate, there is a discharging

process of the dynamic PN junction. As a result, the quasi Fermi level of the dynamic PN junction is under

non-equilibrium state, different from the equilibrium Fermi level of the static PN junction, leading to the

potential difference and output voltage, which is positively related to the interface barrier height.
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Figure 2. The Physical Mechanism Based on Dynamic PN Junction Capacitance under the Built-in Electric Field in Dynamic PN Junctions

(A) The schematic diagram of the dynamic P-Si/N-GaAs generator.

(B) The J-V curve of the dynamic P-Si/N-GaAs junction with a 6.0 N force. The contact area is 1.0 mm2. Green: The basal J-V curve of dynamic PN junction.

Blue: The J-V curve of static PN junction.

(C) The band diagram and carrier dynamic process of the dynamic P-Si/N-GaAs generator.

(D) The band diagram and carrier dynamic process of the dynamic P-Si/SiO2/N-GaAs generator.

(E) The Voc and Isc of the dynamic P-Si/N-GaAs generator with a 6.0 N force, a speed of 5.0 cm/s, and SiO2 thickness of 0/9/13/20/50/100/200 nm. The work

area of the P-Si/N-GaAs junction is 1.0 mm2. Both the Voc and Jsc are average value of voltage and current output.

(F) The E and Jsc of the dynamic P-Si/N-GaAs generator with SiO2 thickness of 0/9/13/20/50/100/200 nm. The inset is the simulation of the experimental

current density as a function of electric field.

All data represent the mean G SEM. For the line chart in (E), voltage and current were obtained using repeated measures.
Enhance the Interface Barrier Height by Inserting A Dielectric Layer

Recently, there are some researches on the electron transfer in nanoscale contact electrification between

the metal and insulator, which indicates the important role of light and temperature in the charge transfer

process of metal-dielectric case (Lin et al., 2019a, 2019b). To eliminate the electrical output caused by tem-

perature, illumination, and humidity changes, we also have carried out experiments on the relationship be-

tween the Voc of the dynamic PN junction generator with the humidity, illumination, and temperature of

environment. We find that the temperature difference of semiconductors before and after the friction is

very limited (Figure S5) and voltage/current output of the dynamic PN generator shows limited change

in the humidity environment of 25% or 50% and under different illumination (Figure S6), which indicates

that the illumination, humidity, and heat effect are ignorable for outputting electrical signal in our semicon-

ductor-semiconductor case. For the proposed physical picture, the electrical output should be enhanced

with the increase of built-in electric field and the interface barrier height of the dynamic PN junction. There-

fore, P-type silicon wafers with different thickness (d) of silicon oxide are used here to prove this distinctive

current generation mechanism and to reveal the hot carrier kinetic process in dynamic PN junction. We find

that this dynamic P-i-N structure generator has a higher voltage output benefited from the increased inter-

face barrier height (Li et al., 2016; Shewchun et al., 1978). As shown in the band diagram of dynamic N-

GaAs/SiO2/P-Si junction (Figure 2D), the barrier height for bounding back charging electrons and holes

is largely increased as the conduction/valence bands of SiO2 are much higher/lower than that of GaAs

and Si (Ning et al., 1977), generating a higher interface semiconductor-SiO2 barrier. The detailed one-

dimensional band diagram and rectification characteristic of the P-Si/SiO2/N-GaAs junction is shown in

Figure S7, indicating the increase of the barrier height of the GaAs/SiO2/Si junction. When we move the

N-GaAs wafer along the SiO2/P-Si substrate, the charging electrons and holes can also be reflected, mov-

ing toward the ohmic contact of N-GaAs and P-Si, respectively. The inserted SiO2 layer can largely suppress
62 iScience 22, 58–69, December 20, 2019



the transfer of electrons and holes, which acts as the barrier capacitance for the carriers charging. With the

increasing of barrier height, more hot electrons and holes with higher energy will be charged and dis-

charged in the barrier capacitance, leading to enhanced voltage output as high as the energy level differ-

ence between the valence band of semiconductor and the conduction band of dielectric layer. As shown in

Figure 2E, the average Voc and Isc of the dynamic P-Si/N-GaAs junction with the SiO2 thickness of 0/9/13/20/

50/100/200 nm are 0.7/0.9/1.2/1.6/2.2/3.1/4.0 V and 1.8/1.6/1.5/1.4/1.2/1.0/0.3 mA, respectively.

The P-Si/SiO2/N-GaAs generator is equivalent to a P-i-N capacitor, among which the P-Si and N-GaAs

work as capacitor plate. The hot electrons and holes are generated under the large built-in electric field

at the interface during the discharging process, which is decreased with SiO2 layer thickness. As a result

of the high-energy hot carriers, the voltage output is near the difference of the valence band of P-type

Silicon and conduction band of SiO2, which is near 4.2 V as observed in the case of 200 nm SiO2 in Fig-

ure S8 (under the large built-in electric field E as high as 2 3 105 V/cm). With the decrease of electric field

E, the possibility of hot carriers generated by the reflecting process is exponentially decaying; thus, a

much lower current density was observed for the case of thick SiO2 that existed at the interface between

P and N semiconductor, as shown in Figure 2F. It is confirmed experimentally that the voltage is still

enhanced and even larger than the Fermi level difference between N- and P-type semiconductors

when the thickness of the insulating layer is larger than 100 nm. It is inferred that the impact ionization

should lead to the current transport through the insulating layer (Dervos et al., 1991; Kim and Rudd, 1994;

Hwang et al., 1996; Solomon and Klein, 1975; Feng et al., 2019), whereas other transportation processes

such as inelastic hopping also cannot be neglected (Xu et al., 1990, 1995; Vecchio et al., 2019), which will

be studied in the following works. It is reasonable that some rebounded hot electrons/holes can involve

in the impact ionization, since there are ultrahigh built-in electric field (E z 3 3 105 V/cm for the case of

100 nm SiO2 as shown in Figure 2F). The high-energy hot electrons are caused by the severely bounding

back effect by the large internal field at the interface, leading to the impact ionization of the thick SiO2

layer as high as 100 nm, causing the current output. As shown in the inset of Figure 2F, the simulation of

the experimental current density as a function of electric field shows the current density decay exponen-

tially while the electric field decreases (the detail is listed in Supplemental Information), which supports

the phenomenon of conducting current by impact ionization through an insulator under an extremely

high electric field (Solomon and Klein, 1975; Kashat and Klein, 1977; DiStefano and Shatzkes, 1974;

Glover, 1975; Konstantinov et al., 1998; Raghunathan and Baliga, 1998). The mathematical formula of

this dependence can be described by: J= 1:73� 1:793 e�
E

393000, indicating theoretical short-circuit current

density of the dynamic P-Si/SiO2/N-GaAs generator is as high as 1.73 A/m2, similar to the experimental

result of 1.8 A/m2. The demonstration of impact ionization-induced current transport further confirms the

hot electron/hole production in the dynamic PN generator.
The Quantitative Relationship between Band-Gap Alignments of Semiconductor-Insulator-

Semiconductor Structure and Voltage Output

Figure 3A shows the voltage output of this dynamic P-Si/SiO2/N-GaAs generator in the circularly rotating

mode, which can output a continual voltage as high as 3.1 V under the consistent movement. In addition,

the Voc outputs of the dynamic P-Si/SiO2/N-GaAs generator in parallel, two-series, and three-series are 3.1/

6.1/9.0 V, indicating the linear superposition effect and integration potential of our devices, which can

effectively enhance its voltage output and expand its applications. Furthermore, we use the layered semi-

conductors such as MoS2 and achieve a dynamic P-Si/MoS2 junction with ultrafast carrier dynamics process

to illustrate the detailed carrier transportation at the interface (Jin et al., 2018; Lin et al., 2015; Liu et al.,

2018; Wu et al., 2018; Xu et al., 2016). The electrons and holes in the dynamic P-Si/MoS2 junction can

also be continuously rebounded back by the built-in electric field during the discharge process, generating

hot carriers and stable voltage output. As shown in Figure 3B, the average voltage and current output of the

dynamic MoS2/Si generator with a working area of 0.05 mm2 and different resistivity of Si substrate are

0.7/1.2/1.5/1.6/1.7 V and 120.1/70.4/38.1/24.0/16.5 A/m2, respectively. The higher carrier concentration

of the silicon wafer leads to a higher current output but lower voltage output, which is attributed to the

larger built-in electric field. The built-in electric field is associated with the concentration of electrons

and holes of semiconductors at each side. With the increase of the carrier concentration, the built-in elec-

tric field is enhanced, generatingmore hot carriers in the interface thus increasing the current output. At the

same time, the barrier height of the MoS2/Si junction decreases when the carrier concentration increases,

which is due to the carriers transfer between MoS2 and Si, leading to the decrease of voltage output. As a

result of the ultrahigh built-in electric field, these hot carriers can locate at the quasi Fermi level higher than
iScience 22, 58–69, December 20, 2019 63



Figure 3. The Confirmatory Experiment Based on Dynamic P-i-N Junctions

(A) The Voc of the dynamic P-Si/100 nm-SiO2/N-GaAs generator in one-series, two-series, and three-series with a 6.0 N force, a speed of 5.0 cm/s. Inset: The

schematic image of series connection of the dynamic PN junctions.

(B) The voltage and current output of dynamic MoS2/Si generator with different resistivity of Si substrate.

(C) The relationship between the voltage output and interface barrier height.

(D) One-dimensional band alignment of conduction and valence band edges for various dielectric layers (SiO2, Al2O3, ZnO, HfO2, AlN, Graphene) and

semiconductors (Si, MoS2).

(E) The band diagram and carrier dynamic process of the dynamic P-Si/AlN/MoS2 generator.

All data represent the mean G SEM. For the line chart in (B), voltage and current were obtained using repeated measures.
the equilibrium Fermi level of semiconductor, leading to the output voltage being higher than the Fermi

level difference of two semiconductors.

To quantitatively reveal the physical mechanism of hot carriers effect in the interface barrier between P-type

and N-type semiconductors, various interface dielectric layers are inserted into the dynamic PN junction

generator, respectively. The detailed relationship between the voltage output and interface barrier height

is shown in Figure 3C. The average voltage output of various dynamic PN junctions with the barrier height of

Si and SiO2/Al2O3/ZnO/HfO2/AlN/graphene interface barrier of 4.2/4.2/0.8/2.8/5.3/0.6 eV is 4.0/4.1/0.7/

2.5/5.1/0.7 V, respectively. The one-dimensional band alignment of conduction and valence band edges

for various dielectric layers (SiO2, Al2O3, ZnO, HfO2, AlN, graphene) and semiconductors (Si, MoS2) is shown

in Figure 3D (Lin et al., 2015; Xu et al., 2015; Liu et al., 2005). According to the band structure relativities, the

AlN layer with negative electron affinity behaved the highest barrier height, which is supposed to achieve

the highest voltage output according to the above-mentioned physical mechanism based on the hot elec-

trons transport induced by the ultrahigh built-in electric field in the dynamic PN structure (Liu et al., 2005). As

shown in the band diagram of the dynamic P-Si/AlN/MoS2 junction (Figure 3E), the hot carriers will be re-

bounded back to the P-Si andMoS2 in the effect of interface barrier, leading to a stable potential difference

and voltage output between two electrodes. The insertedAlN layer can largely enhanced the barrier height,

andmore high-energy hot carriers will charge and discharge in the interface of two semiconductors, leading

to enhanced voltage output as high as the energy level difference between the valence band of Si and the

conduction band of AlN. As a result of the continuous discharging process, the quasi Fermi level of the dy-

namic PN junction is different from the equilibrium Fermi level of the static PN junction and a voltage output

as high as 5.1 V has been achieved. This experimental result is in accordancewith our expectation, indicating

the validity of our proposed physical mechanism. The rectification characteristic of the dynamic P-Si/AlN/

MoS2 junction from�5 to 5 V is alsomeasured. As shown in Figure S9, the interfacial carrier dynamic process
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Figure 4. The Electrical Properties of Dynamic P-Si/AlN/MoS2 Generator and Its Application

(A) Voc and Jsc output as a function of electrical load R. Both the Voc and Jsc are the average value of voltage and current output. Inset: equivalent circuit.

(B) The power density output as a function of electrical load R.

(C) The circuit diagram of the LED lighting experiment and pictures taken from video to show the luminance of an LED powered by our dynamic PN

generator.

(D) The direct voltage and current output of the dynamic P-Si/AlN/MoS2 generator for 60 min continuously, with an electrical load R of 360 kU.

(E) The time-varying force applied and corresponding direct voltage output of the dynamic PN junction.

(F) The linear fitting direct voltage output of the dynamic PN junction under the constant force of 2 and 6 N.

All data represent the mean G SEM. For the line chart in (A) and (B), voltage and current were obtained using repeated measures.

See also Video S1.
varies when the P-Si/AlN/MoS2 contact is under the dynamic process, which helps testifying the above-pro-

posed theory. As the graphene is monolayer thick, the built-in electric field of the PN junction cannot be

screened by the graphene layer (Zhong et al., 2017) and its impact on the junction capacitance is minimal

(the rectification characteristic of Si/graphene/MoS2 junction is shown in Figure S10). As monolayer gra-

phene cannot screen the electric field (Zhong et al., 2017), the barrier height of the Si/graphene/MoS2 junc-

tion is almost unchanged; thus, the voltage output of the dynamic P/graphene/N junction should be the

same as that of the dynamic P/N junction. According to the experimental result (Figure 3E), the MoS2/Si

and MoS2/graphene/Si output the similar voltage, concluding that the physical picture of the rebounding

effect under capacitance discharging process of the dynamic PN junction is self-consistent.

Potential Practical Applications and Future Outlook of Our Dynamic P-Si/AlN/MoS2 Junction

Finally, a Voc as high as 5.1 V and the average Jsc as high as 112.0 A/m2 can be achieved, which is about three

orders of magnitude higher than that of the reported triboelectric nanogenerators (Wang, 2017; Wang

et al., 2015). To demonstrate the power output of our generator, the voltage and current outputs as a func-

tion of electrical load R have been investigated and shown in Figure 4A. As shown in the equivalent circuit

diagram of the dynamic PN junction (inset of Figure 4A), its working circuit consists of a series resistance

(Rs), a recombination generated parallel resistance (Rp), and a load resistance (RL). An increasing voltage

and decreasing current density can be measured with the increase of load resistance. The power conver-

sion efficiency of the dynamic PN junction generator can be expressed as below:

PCE =
Pmax

Pin
=
Voc 3 Jsc 3 FF

Pin
=
Vmax 3 Jmax

Pin
=
Vmax 3 Jmax

F3 v
(Equation 4)
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where Voc is the open-circuit voltage of the generator and Jsc is the short-circuit current density of the gener-

ator. FF is the fill factor of the generator. Vmax is the working voltage of the generator under the maximum

power output and Jmax is theworking current density of thegenerator under themaximumpower output. F is

the force of friction between two semiconductors and v is the moving speed of the semiconductor wafer.

We should emphasize that our output power is calculatedwith the averageworking voltage and current den-

sity of the direct-current generator in 8.0 s and 200 points. According to Equation 4, the power density

output as a function of electrical load RL has also been investigated and shown in Figure 4B. The peak power

density about 130.0 W/m2 can be found around RL equals to 360 kU, which is close to the internal resistance

of the PN junction (Rs + Rp). And the energy-conversion efficiency of themoving Si/MoS2 junction generator

can be calculated to be about 32.5% (the calculation is listed in Supplemental Information).

To explore the advantages of our dynamic PN junction generator and its potential practical applications,

we use the electricity generated by our devices to light up a blue LEDwithout any external rectifying circuits

and energy storage units directly (the picture of experimental model is shown in Figure S11). This LED can

be lit up only when the drive voltage is over 2.7 V. Each of MoS2/AlN/Si generators can provide a nearly

5.1 V voltage output, which can be used to provide enough voltage output for lighting a blue LED. So

this dynamic MoS2/AlN/Si generator can light up the blue LED as shown in Video S1, ‘‘blue LED lighting

experiment,’’ related to Figure 4C (the circuit diagram of the LED lighting experiment is shown in Fig-

ure 4C). The blue light LED is lighted simultaneously with the movement of the PN junction, indicating

the output of a continuous direct current (the right inset). Figure 4C shows the picture of the LED powered

by our dynamic PN generator. Compared with the conventional triboelectric nanogenerator with pulsed

alternating current output characteristics, this dynamic PN junction generator realizes constant current

output based on the physical mechanism as mentioned earlier, which is demonstrated to power LED

directly without any external rectifying circuits and energy storage units, providing a feasible way to

meet the increasing demand of in situ energy acquisition technology.

Notably, as MoS2 is a lubricating material, the dynamic P-Si/AlN/MoS2 PN junction generator shows long-term

continuous electricity generation. As shown in the direct and continuous voltage and current output of the dy-

namic P-Si/AlN/MoS2 with an electrical load RL of 360 kU (Figure 4D), this dynamic P-Si/AlN/MoS2 generator

can work continuously for 60min, demonstrating the proposedmechanism andpotential applications of the dy-

namic PN generator. However, there are some slight oscillations and degradation during the movement. The

current oscillation that superposes on this direct-current output can be explained by the variation of the force

appliedon thedynamicPN junction. Toprove theelectricoscillation is causedby the force change,wemeasured

the voltage output and corresponding pressure applied in dynamic PN junction synchronously, which both

behaveastableperiodicityunder thecircularly rotatingmode (Figure4E).And themaximumpeaksandminimum

peaks correspond one by one with almost the same amplitudes, indicating the positive correlation of the force

and voltage output. On this basis, we demonstrate a pressure sensor, which outputs the periodic voltage signal

under a periodic force source. Furthermore, through the linear fitting simulation method, a continuous and

smooth output can be achieved under the unique pressure of 2 and 6 N, indicating that a continuous stabilized

voltage output can be realized under a constant force (Figure 4F). On the other hand, we attribute the direct cur-

rent output degradation of the dynamic P-Si/AlN/MoS2 generator after the long-term work to the residual of

lamellarMoS2 on the surface,which canbeeasily removedwith alcohol wiping. As shown in Figure S12, scanning

electron microscope images of the P-Si/AlN surface at different time points are measured to show the surface

morphology change of the AlN/P-Si substrate. As a typical layered semiconductor material, the surface of

MoS2 does not show obvious change during the movement, leading to the continuous voltage and current

output before the continuous operation of 10 min. However, with the long-term work, it becomes common

that P-Si/AlNwith higherhardnesswill slightlywearMoS2with lower hardness, leading to thewearof the lamellar

MoS2, causing the slight degradation of the dynamic P-Si/AlN/MoS2 generator. Those MoS2 can be easily

removed with alcohol wiping and the performance of the generator can be recovered, which indicates that

thedynamicPN junctiongenerator is ‘‘reusable.’’ However,more follow-on studiesarenecessary for thisdynamic

PN junction direct-current generator to be applied in specific application field.
DISCUSSION

In this article, we have pioneered a direct-current generator based on the dynamic PN junction, where two

semiconductors with different Fermi levels move with each other, such as the N-GaAs/P-Si junction. The

mechanism is proposed based on the rebounding effect of otherwise diffused electrons/holes as well as

the capacitive charge/discharge process of the PN junction capacitance during the movement, which is
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originated from the establishment and disappearing of the depletion layer. Through inserting a dielectric

layer at the interface of the PN junction, the output voltage canbedelicately improved anddesignednumer-

ically according to the energy level difference between the valence band of P-type semiconductor and the

conduction band of dielectric layer. Herein, a dynamic PN generator with a high voltage of 5.1 V, current

density of 112.0 A/m2 (11.2 mA/cm2), power density of 130.0 W/m2 and energy-conversion efficiency of

32.5% has been realized based on theMoS2/AlN/Si structure, which can power the LEDwithout any external

circuits timely and directly. The voltage, current, and output power of the dynamic PN generator can be

further enhanced through designing the interface array structure of semiconductors by being connected

in series or in parallel and optimizing the carrier barrier layer of the dynamic PN junction. Especially, this dy-

namic P-Si/AlN/MoS2 generator canwork continuously for 60min, demonstrating the proposedmechanism

and potential applications of the dynamic PN generator. This dynamic PN generator with sufficient current

density has many promising applications in many fields where mechanical energy is available.

Limitations of the Study

Dynamic PN junctions generate high current density direct current bymechanicallymovingN-type semicon-

ductor over P-type semiconductor. In some cases, semiconductor with higher hardness will slightly wear

semiconductor with lower hardness, leading to the wear of the semiconductor with lower hardness, causing

the slight degradation of the dynamic PN generator, which we overcome through using layered semicon-

ductor material such as MoS2 in this article. However, more follow-on studies are necessary for this

dynamic PN junction direct-current generator to be applied in specific application field, especially in the

low-frequency disordered mechanical motion, such as the human motion and wind and ocean energy.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.
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SUPPLEMENTAL FIGURES AND LEGENDS 

 

Figure S1. P-type GaAs and GaN used to reveal the distinctive current 

generation mechanism, related to Figure 1. 

(A) Schematic diagram of dynamic P-GaAs/N-GaAs generator. 

(B) Voc of the dynamic P-GaAs/N-GaAs generator.  

(C) Schematic diagram of the dynamic N-GaAs/P-GaN generator.  

(D) Voc of the dynamic N-GaAs/P-GaN generator. 

The force is 6.0 N and the speed is 5.0 cm/s. 

  



 

 

Figure 2. Dynamic P-Si/P-Si junction with same Fermi level, related to Figure 1. 

(A) The schematic diagram of the dynamic P-Si/P-Si junction. 

(B) One-dimensional band diagram of the P-Si/P-Si junction. 

(C) The Isc of the dynamic P-Si/P-Si generator with a 6.0 N force, a speed of 5.0 cm/s. 

(D) The Voc of the dynamic P-Si/P-Si generator with a 6.0 N force, a speed of 5.0 

cm/s. 

  



 

 

Figure 3. The role of speed on the output of dynamic PN generator, related to 

Figure 1. 

(A) The Voc of dynamic P-Si/N-GaAs generator in different speed with a 6.0 N force. 

The work area is 1.0 mm
2
 

(B) The Isc of dynamic P-Si/N-GaAs generator in different speed with a 6.0 N force. 

The work area is 1.0 mm
2
 

  



 

 

Figure 4. The role of force on the electrical properties of junction, related to 

Figure 1.  

(A) Current-voltage curves of P-Si/N-GaAs junction under different forces. The NIF is 

simulated from the I-V curve from 0 to 3V. 

(B) NIF of P-Si/N-GaAs junction under different forces. The NIF is simulated from the 

I-V curve from 0 to 3V. 

  



 

 

Figure 5. The role of heat generated by the friction between two semiconductors, 

related to Figure 2. 

(A) The voltage output of static N-GaAs/P-Si junction with the temperature increased 

from 20 to 200 ℃. 

(B) The voltage output of dynamic N-GaAs/P-Si junction with the temperature of 20 ℃ 

and 80 ℃. 

(C) The temperatures of 4-inch P-Si wafer both the front and back side before friction. 

(D) The temperatures of 4-inch P-Si wafer both the front and back side after 5 

minutes friction. 

  



 

 

Figure 6. The role of humidity environment in the output of dynamic PN 

generator, related to Figure 2. 

(A) The voltage output of the dynamic P-Si/ MoS2 generator in different humidity 

environment of 25% and 50%. 

(B) The current output of the dynamic P-Si/ MoS2 generator in different humidity 

environment of 25% and 50%.  

  



 

 

Figure 7. The detailed analyses of the P-Si/SiO2/N-GaAs junction, related to 

Figure 2. 

(A) One-dimensional band diagram of the P-Si/SiO2/N-GaAs junction. 

(B) J-V curves of the dynamic P-Si/N-GaAs generator without SiO2 and with 20/100 

nm SiO2.  

  



 

 

Figure 8. The voltage output of the P-Si/SiO2/N-GaAs generator, related to 

Figure 2. 

(A) The schematic diagram of P-Si/200nm-SiO2/N-GaAs generator. The force is 6.0 

N and the speed is 5.0 cm/s. 

(B) The Voc of P-Si/200nm-SiO2/N-GaAs generator. The force is 6.0 N and the speed 

is 5.0 cm/s.  

  



 

 

Figure 9. The interfacial carrier dynamic process of the P-Si/AlN/MoS2 

generator, related to Figure 3. 

(A) The schematic diagram of the dynamic P-Si/AlN/MoS2 generator. 

(B) The J-V curve of the dynamic P-Si/AlN/MoS2 junction with a 6.0 N force. The 

contact area is 0.05 mm
2
.  

  



 

 

Figure 10. The electrical properties of dynamic P-Si/Graphene/MoS2 junction, 

related to Figure 3.  

(A) The J-V curve of the dynamic P-Si/Graphene/MoS2 junction with a 6.0 N force. 

(B) The voltage output of dynamic MoS2/Si and MoS2/Graphene/Si generator. 

  



 

 

Figure 11. Experiment to light up a blue LED without any external rectifying 

circuits and energy storage units directly, related to Figure 4.  

(A) The captured optical picture of the LED lighting experiment. 

(B) The working dynamic PN generator. 

(C) The Voc output achieved under work of two generators with a 6.0 N force, a speed 

of 5.0 cm/s. 

  



 

 

Figure 12. SEM images of the P-Si/AlN surface at different time points, on the 

scale of 1μm. The irregularly black object is the residual lamellar MoS2 in the 

surface of AlN/P-Si surface, related to Figure 4. 

(A) SEM images of the AlN/P-Si surface at initial state. 

(B) SEM images of the AlN/P-Si surface after sliding for 10min. 

(C) SEM images of the AlN/P-Si surface after sliding for 30min. 

(D) SEM images of the AlN/P-Si surface after alcohol wiping. 

  



 

TRANSPARENT METHODS 

Devices fabrication 

Firstly, the double side polished N-type GaAs wafer was dipping into 10 wt% HCl for 

10 minutes to remove the native oxide layer in the surface and washed by deionized 

water. Then Ti/Au (20 nm/100 nm) electrode was fabricated with magnetron 

sputtering on one side of GaAs wafer. Similarly, the single side polished P-type and 

N-type Si substrate were dipping into 10 wt% HF for 10 minutes to remove the native 

oxide layer in the interface and then washed by deionized water. The MoS2 flake was 

stripped by micromechanical force. Ti/Au (20 nm/50 nm) electrode was fabricated 

with magnetron sputtering on the unpolished side of Si substrate and MoS2 flake. The 

thickness of the MoS2 flake was measured as 0.3 mm. The N-type GaAs or MoS2 was 

pressed closely on the P-type Si substrate by the hand, making sure a solid electrical 

contact between N-type GaAs/MoS2 and P-type Si substrate can be achieved. The 

SiO2 layer on P-type Si is fabricated with thermal oxidation method in 1100℃. The 

AlN layer on P-type Si is fabricated with physical vapor deposition method. The HfO2, 

Al2O3 and ZnO layer on P-type Si is fabricated with atomic layer deposition method. 

The graphene layer is grown on copper foil by chemical vapor deposition technique, 

which can be transferred to Si substrate with wet transfer method. 

Physical characterization methods 

The microscopic image of the generator was characterized with ZEISS optical 

microscopy. The current-voltage (I-V) curve of the PN junction was measured with 

Keithley 2400 system. The real-time voltage and current output were recorded in real 
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time by a Keithley 2010 system, which was controlled by a LabView-based data 

acquisition system with a sampling rate of 25 s
-1

. The Keithley 6485 picoammeter was 

also used to verify accuracy of current output, which was controlled by a 

LabView-based data acquisition system with a sampling rate of 100 s
-1

. We have 

designed a customized system to control the force and speed. For the linear mode, two 

different types of semiconductors are fixed on the desktop and pressure meter 

respectively. The pressure meter is fixed in a sliding rail and can move horizontally 

under the control of a microcontroller unit (MCU). There is a driving motor in the 

sliding rail, which is used to drive the pressure meter. So the semiconductor in the 

pressure meter can move horizontally and keep the same moving speed under the 

control of MCU. As for the circularly rotating work mode, we fix the driving motor in 

the edge of pressure meter and a mechanical arm is added. For the linear mode, the 

pressure and speed can be accurately controlled with a fluctuation of 5%. For the 

circularly rotating mode, the pressure and speed varies in a wider range as the 

inherent mechanical error such as the flatness of the mechanical arm and frame. 

The Fermi level of GaAs and Si substrate 

The Fermi level of the semiconductor can be calculated by the formula below as 

below: 

𝐸𝐹−𝑁 ≈ 𝐸𝑖 + 𝑘𝐵𝑇 ln
𝑁𝐷−𝑁𝐴

𝑛𝑖
                                        (1) 

𝐸𝐹−𝑃 ≈ 𝐸𝑖 − 𝑘𝐵𝑇 ln
𝑁𝐴−𝑁𝐷

𝑛𝑖
                                        (2) 

where Ei is the middle value of the band gap, kB is the Boltzmann constant, T is the 

temperature, n is the electron concentration and p is the hole concentration. The ni is 



 

the intrinsic carrier concentration of the semiconductor. EF-N and EF-P are the Fermi 

level of the N-type and P-type semiconductors we used. The electron concentration 

and intrinsic carrier concentration of the N-type GaAs substrate used here is 5×10
17

 

cm
-3 

and 1.8×10
6
 cm

-3
, respectively.

 
The conduction and valence band of N-type 

GaAs locate 4.07 eV and 5.49 eV below the vacuum energy level, respectively 

(Vurgaftman et al., 2001).
 
Therefore, the Fermi level of the N-type GaAs is calculated 

as 4.10 eV based on equation (1). The electron concentration and intrinsic carrier 

concentration of the N-type GaN substrate used here is 1×10
18

 cm
-3 

and 3.26×10
10

 

cm
-3

, respectively.
 
The conduction and valence band of N-type GaN locate 3.1 eV and 

6.49 eV below the vacuum energy level, respectively (Vurgaftman et al., 2001). 

Therefore, the Fermi level of the N-type GaN is calculated as 4.35 eV based on 

equation (1). 

Similarly, the hole concentration and intrinsic carrier concentration of the P-type 

Si substrate used here is 4.34×10
18

 cm
-3 

and 1.5×10
10

 cm
-3

, respectively. The 

conduction and valence band of P-type Si locate 4.05 eV and 5.17eV below the 

vacuum energy level, respectively (Sze, 1981). Therefore, the Fermi level of the 

P-type Si is calculated as 5.12 eV based on equation (2). On the other hand, The 

electron concentration and intrinsic carrier concentration of the N-type Si substrate 

used here is 4.63×10
15

 cm
-3 

and 1.5×10
10

 cm
-3

, respectively. Therefore, the Fermi 

level of the N-type Si is calculated as 4.28 eV based on equation (1). 

The NIF of the GaAs/Si junction 



 

The work function of N-type GaAs and P-type Si is approximate to its 

conduction band or valence band, i.e. 4.28 eV and 5.12 eV, respectively. Thus a 

built-in electric field will form between the N-GaAs and P-Si substrate normally. 

When N-type GaAs touches P-type Si substrate by a constant force, electrons of the 

N-type GaAs will inject into P-type Si and a depletion region will form in the 

interface. The NIF of GaAs/Si junction can be extracted by fitting dark J-V curves, 

which can be written as follows:  

𝐽 = 𝐽0(𝑒𝑥𝑝
𝑞𝑉

𝑁𝐼𝐹𝐾𝑇
− 1)                                           (3) 

where K is the Boltzmann constant, T is the temperature and NIF is the ideality factor. 

According to the thermionic-emission theory, J0 is the reverse saturation current 

density.  

The simulation of the experimental current density as a function of electric field 

It is noteworthy that the generation of the current and voltage is caused by the 

rebounding carriers in the interface of PN junction. The effect of bounding back is 

influenced by the barrier height of the interface barrier. With a large bandgap, SiO2 

thin layer could act as a tunneling barrier between GaAs and Si. The valence and 

conduction band of SiO2 has been tilted to form a triangle barrier. And the bounding 

back hot carriers on the surface lead to favorable conditions for FN tunneling where 

the electric field is huge. At room temperature, the hole current as a function of the 

electric field can be described by the tunnelling Fowler–Nordheim mechanism: 

𝐽 = 𝐵𝐸2𝑒𝑥𝑝 (
−𝐷(𝑚∗𝜙3)1/2

𝐸
) 



 

B =
𝑞3

(8𝜋ℎ𝜙)
, 𝐷 =

8𝜋√2

(3ℎ𝑞)
, 𝐸 = 𝑉/𝑑 

where q is the electron charge, h is Planck’s constant, 𝑚∗ is the hole effective mass, 

𝜙 is the barrier height at the P-i-N junction interface, 𝐸 is the electric field across 

the junction, 𝑉 is the voltage of the device and 𝑑 is the thickness of the insulating 

layer. In the effect of the tunneling, the voltage output is less than the 

semiconductor-insulating layer barrier height when the insulating layer is thin. 

However, with the increase of dielectric layer thickness, the hopping or defect assisted 

tunneling become the leading factor of current generating. Hot and high energy 

electrons will still transfer across the interface through hopping effect while electrons 

with lower energy will be hindered for passing the thick layer, thus a much lower 

current density was observed for the case of thick SiO2 existed at the interface 

between P and N semiconductor. The high energy hot electrons are caused by the 

severely bounding back effect by the large internal field at the interface, leading to the 

current response even when the SiO2 layer as high as 200nm. Both the tunneling and 

hopping effects are positive correlated with the electric field E. With the decrease of 

electric field E, the possibility of hot electrons tunneling or hopping across the 

interface is exponentially decaying, leading the decrease of the current output. A 

simulation of the experimental current density as a function of electric field is 

achieved:  𝐽 = 1.73 − 1.79 × 𝑒
−

𝐸

393000. It well supports the exponential decay rule of 

the output current while the thickness of insulating layer increases, which 

demonstrates that hopping related transport or other tunneling process are the main 

factors in our dynamic P-i-N junction system. 



 

The energy-conversion efficiency of the moving Si/AlN/MoS2 junction generator 

The working circuit is consisted of a series resistance (Rs), a recombination 

generated parallel resistance (Rp) and a load resistance (RL). An increasing voltage 

and decreasing current density can be measured with the increase of load resistance. 

The power conversion efficiency of the dynamic PN junction generator can be 

expressed as below: 

PCE =
𝑃𝑚𝑎𝑥

𝑃𝑖𝑛
=

𝑉𝑜𝑐 × 𝐽𝑠𝑐 × 𝐹𝐹

𝑃𝑖𝑛
=

𝑉𝑚𝑎𝑥 × 𝐽𝑚𝑎𝑥

𝑃𝑖𝑛
=

𝑉𝑚𝑎𝑥 × 𝐽𝑚𝑎𝑥

𝐹 × 𝑣
 

 FF =
𝑉𝑚𝑎𝑥 × 𝐽𝑚𝑎𝑥

𝑉𝑜𝑐 × 𝐽𝑠𝑐
 

where Voc is the open-circuit voltage of the generator, Jsc is the short-circuit current 

density of the generator. FF is the fill factor of the generator. And Vmax is the working 

voltage of the generator under the maximum power output, Jmax is the working current 

density of the generator under the maximum power output. F is the force of friction 

between two semiconductors, v is the moving speed of the semiconductor wafer. We 

should emphasize that our output power is calculated with the average working 

voltage and current density of the direct-current generator in 8.0s and 200 points. For 

the dynamic Si/AlN/MoS2 junction generator in the manuscript, Voc and Jsc are as 

high as 5.1V and 112A/m
2
, as shown in Figure R17d. However, the work voltage, 

current and power density are changed with the electrical load R. Specifically, the 

peak power output (Pmax) of 130W/m
2
 can be found around R≈360kΩ, of which the R 

value is close to the internal resistance r of the power generation unit. And the 

energy-conversion efficiency of the moving Si/AlN/MoS2 junction generator can be 

calculated to be about 32.5%.  
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    Moreover, for this dynamic Si/AlN/MoS2 junction generator, the current density 

of 112.0 A/m
2
 is orders of magnitude higher than triboelectric nanogenerators (~10

2
 

times) and piezoelectric nanogenerators (~10
3
 times), which can be further enhanced 

through optimizing the PN junction interface and structure. For the dynamic 

Si/AlN/MoS2 junction generator, the work mechanism is based on the built-in electric 

field bounding back diffusing carriers in dynamic PN junctions, breaking up the 

equilibrium between drift and diffusion current in the PN junction. So this generator 

has the advantage of converting mechanical energy into direct current electricity 

continuously in ultrahigh current density without rectifying circuit, which breaks 

through the limitation of discharging process in short-circuiting condition. 
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